Phylogenomic analyses of a clade within the roseobacter group suggest taxonomic reassignments of species of the genera Aestuariivita, Citreicella, Loktanella, Nautella, Pelagibaca, Ruegeria, Thalassobius, Thiobacimonas and Tropicibacter, and the proposal of six novel genera Joseph S. Wirth and William B. Whitman*
INTRODUCTION
The roseobacter group form a clade within the Rhodobacteraceae family that comprises up to 25 % of the total bacterial community in the surface of the ocean [1] [2] [3] . The majority of these species are marine in origin, but some genera of terrestrial origin exist [4] . They have been isolated from seawater, marine sediments and biofilms, and are often associated with phytoplankton, macroalgae and marine animals. The members of this group also possess a great deal of physiological diversity, which is reflected in the large variation in the genome size and gene content [5] . Collectively, the roseobacter group is capable of metabolizing a large number of carbon sources, synthesizing B vitamins to facilitate eukaryotic interactions, assimilatory and dissimilatory nitrate reduction, and phototrophic growth [5] . The earliest roseobacter has been estimated to have existed approximately 260 million years ago, and expansion of its genome around 250 million years ago and subsequent diversification coincided with the emergence of the dinoflagellates and coccolithophores [5] .
Genera within the roseobacter group share >89 % 16S rRNA sequence similarity, which was the primary basis for assignment to this group [4, 5] . However, phylogenetic analyses of recently available genome sequences suggest that 16S rRNA gene sequences lack the resolution for proper phylogenetic reconstruction in this group [1-3, 5, 6] . Thus, while the 16S rRNA sequence correctly assigns members to the group, their taxonomic position within the group is uncertain. Thus, there is a need to review the taxonomy and systematics of the roseobacter group.
METHODS

Selection of organisms for analysis
A clade from the ARB-Silva 16S rRNA gene tree (Fig. S1 , available in the online version of this article) containing 72 strains was selected for analysis [7] . Several genera in this clade possessed species that were outside of the clade. These species were added to the analysis so that all species for any genus within the clade were included. This resulted in the selection of 96 species representing 29 genera, which will be referred to as the 'original' data set of roseobacters. Wholegenome sequences were available for 70 of these species on 13 September 2017. All analyses (see below) were first performed with the original data set organisms.
When it became clear that the 16S rRNA gene sequence was a poor predictor of phylogeny within this group, other methods to identify closely related roseobacters were examined. Ultimately, BLASTp to RpoC was used to identify genome sequences of organisms closely related to members of the original roseobacters. Any hits whose bit scores were greater than or equal to that of the intra-genus comparisons for the query organism were then added to the analysis. This resulted in the addition of 12 species representing five genera to the data set, 11 of which possessed whole genome sequences. All analyses (see below) were then repeated with this 'expanded' data set.
Phylogenetic analyses of 16S rRNA genes 16S rRNA gene sequences were downloaded from NCBI on September 13, 2017 (Table S1 ). Sequences were aligned with the RDP Aligner tool (https://rdp.cme.msu.edu) using the RDPX-Bacteria-2 model [8] . Alignments were downloaded and manually curated with Mesquite vesion 3.2 to remove alignment errors [9] . After curation, the multiple sequence alignment was used to calculate a similarity matrix with the following equation on each pairwise comparison:
M=L
Where M is the number of identical characters excluding gaps and L is the length of the alignment including gaps but excluding any gaps shared in both alignments. The curated multiple sequence alignment was then used as input for the PhyML 3.0 server (www.atgc-montpellier.fr/phyml/) with smart model selection [10, 11] . The Akaike information criterion (AIC) was used for smart model selection, BIONJ was used to generate the starting tree, nearest-neighbour interchange (NNI) was used for tree improvement and 1000 bootstrap replicates were performed to test for branch support. The tree was rooted on the genus 'Ketogulonicigenium', which was then pruned from the figures.
Genome sequence selection and analyses If available, whole-genome sequences of the type strains were downloaded from NCBI on 13 September 2017 for the species listed in Table S1 . For those strains not publicly available on NCBI, whole genomes were downloaded from IMG (https://img.jgi.doe.gov). The core genome, average nucleotide identity (ANI) and core-gene average amino acid identity (cAAI) were calculated using the EDGAR 2.0 server (https://edgar.computational.bio.uni-giessen.de) [12] . ANI was calculated as described by Goris et al. [13] . Briefly, the query genome was cut into 1020 bp fragments, and these were used to search against the reference genome using BLASTn with a 30 % identity cut-off and an aligned sequence length !70 % of the query sequence length. The mean percent identity of the best hits for each fragment were then used to calculate the ANI for the pair of organisms [13] . For draft genomes, the concatenated genome sequences were used to calculate ANI. The cAAI for any pair of organisms was determined by calculating the mean protein sequence similarity of each of the orthologous genes found in the core genomes, which was 448 genes in the original data set and 417 genes in the expanded data set. Because AAI is typically calculated from all genes shared between a pair of organisms, we have termed this value cAAI.
The amino acid sequences of the core genes, i.e. the orthologous genes shared in all genomes, identified by EDGAR 2.0 were downloaded. For each core gene, a multiple alignment was produced with MUSCLE version 3.8.31 using the default settings [14] . The aligned core genes were curated by discarding any core genes whose alignments contained more than 5 % missing data (gaps) for one or more taxa [15] . The remaining genes were designated the curated core genes.
For calculation of the core genome maximum-likelihood tree, two independent methods were employed. For both methods, the aligned amino acid sequences of the curated core genes were trimmed with trimAl version 1.2rev59 using the 'automated1' option and the trimmed alignments were concatenated [16] . For the first method, the concatenated alignment was used as input for the PhyML 3.0 server (www.atgc-montpellier.fr/phyml/) with smart model selection [10, 11] . The AIC was used for smart model selection, BIONJ was used to generate the starting tree, NNI was used for tree improvement and 100 bootstrap replicates were performed to test for branch support. For the second method, the concatenated alignment was used as input for IQ-TREE version 1.6.3 with the TESTONLY model, which determined the L+F+I+G4 as the best model. The concatenated alignment was then used as input for IQ-TREE version 1.6.3 using L+F+I+G4 as the model and 100 bootstrap replicates as the statistical test [17, 18] . Both trees were rooted on the genus 'Ketogulonicigenium', which was later pruned from the figures.
Calculation of POCP
The percentage of conserved proteins (POCP) was calculated as described by Qin et al. [19] . The amino acid sequences of all coding sequences (CDS) in each genome were downloaded from the EDGAR 2.0 server. For each species, makeblastdb version 2.6.0 was used to generate a protein database from a fasta file containing the amino acid sequences of all the CDS in the genome. Using a custom PERL script, an all versus all BLASTp (version 2.6.0) was performed for all pairwise combinations of species using an evalue cutoff 10 À5 , 50 % query coverage per high-scoring segment pair and !40 % identity [19] . To calculate the POCP for each pair of species, the following equation was employed:
where C 1 is the number of conserved CDS in species 1, C 2 is the number of conserved CDS in species 2, T 1 is total number of CDS in species 1, and T 2 is the total number of CDS in species 2 [19] . A POCP similarity matrix was generated by calculating the POCP for all pairwise combinations of all species.
Cophenetic correlation coefficients
Similarity matrices were converted into dissimilarity matrices by subtracting the fractional similarity from 1. For each metric, the observed dissimilarity matrix was used to produce a UPGMA tree using the 'upgma' function from the R package phangorn [20] . The resulting tree was then the input for the function 'cophenetic' in R, which calculated a dissimilarity matrix composed of the cophenetic distances between taxa. The Pearson correlation coefficient between the observed dissimilarity distance matrix and the cophenetic dissimilarity matrix was calculated in R with the function 'cor'.
For each of the 65 curated core genes conserved in the genomes of the original data set, a similarity matrix was calculated using the following equation on each pairwise comparison:
M=L
where M is the number of identical characters excluding gaps and L is the length of the alignment including gaps but excluding any gaps present in both alignments. The resulting similarity matrices were used to determine the cophenetic correlation coefficient for each gene as described above.
Phylogenetic analysis of RpoC sequences
The RpoC sequences downloaded from the EDGAR 2.0 server were aligned with MUSCLE version 3.8.31 using the default settings [14] . The multiple sequence alignment was then used as input for the PhyML 3.0 server (www.atgcmontpellier.fr/phyml/) with smart model selection [10, 11] . The AIC was used for smart model selection, BIONJ was used to generate the starting tree, NNI was used for tree improvement and 1000 bootstrap replicates were performed to test for branch support. The tree was rooted on the genus 'Ketogulonicigenium', which was then pruned from the figures.
Selection of phenotypes for delimiting genera
For each organism, the original isolation paper was used to retrieve phenotypic data. If data were missing for specific characters, then other sources were used. Several characters were collected for all organisms including Gram type, morphology, motility, flagellation, growth conditions, reduction of nitrate, catalase activity, oxidase activity, DNA G+C content, isolation habitat, and results from the API-ZYM system. Individual characters were identified that appeared to vary with the core-genome phylogeny and were then used to inform taxonomic assignments.
RESULTS AND DISCUSSION
Cophenetic correlation coefficients
Previous studies suggested that trees based on 16S rRNA gene sequences did not accurately reflect the phylogeny of the members of the roseobacter group [1, 3] . Consistent with this observation, a maximum-likelihood tree based on 16S rRNA sequences exhibited low bootstrap support for many of the branches and was polyphyletic for several genera (Fig. 1) . In order to further test if 16S rRNA gene sequences were a suitable indicator of phylogeny, the cophenetic correlation coefficient was calculated from a 16S rRNA gene sequence similarity matrix. Briefly, this coefficient describes the correlation between the observed evolutionary distances and the distances implied by a UPGMA tree [21, 22] . If a certain character is ultrametric and likely to vary in a clock-like fashion, then the cophenetic correlation coefficient is expected to be close to 1. In guidelines on numerical taxonomy, Sneath and Sokal [21] recommend a cophenetic correlation coefficient of at least 0.8 for reconstruction of a tree. However, Keswani and Whitman [22] suggest a more conservative value of 0.9 for the 16S rRNA gene sequences based upon correlations with DNA-DNA hybridization values. For the roseobacter group, the cophenetic correlation coefficient for the 16S rRNA gene sequence similarities was 0.72, suggesting that it was nonultrametric and a poor indicator of phylogenetic relationships ( Table 1) . Because of its low cophenetic correlation coefficient, 16S rRNA gene sequence identity was not further considered when evaluating the taxonomic placement of the organisms in this study except when assigning organisms whose whole genome sequences were unavailable (Table S1 ).
In contrast, the cophenetic correlation coefficient was higher for the cAAI, with a value of 0.98. The POCP and ANI similarity matrices also yielded cophenetic correlation 
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Core genome phylogeny
The EDGAR 2.0 server (edgar.computational.bio.uni-giessen. de) identified 417 genes conserved in the 81 taxa in this study with whole genome sequences available, but only 53 of the 417 genes had fewer than 5 % gaps in their alignments [12] . A maximum-likelihood tree was reconstructed using PhyML server 3.0 from the orthologues of these 53 genes, and the topology of the core gene tree was quite different from that of the 16S rRNA gene tree (Fig. 2) . In addition, the clades within the core tree were also observed in a neighbour-joining tree based on the aligned sequences of all 417 core genes, although the deeper branches were not always congruent (data not shown). This tree was also largely congruent with a maximum likelihood tree reconstructed using IQ-TREE with only one minor change to the deep branches (data not shown). The topology also agreed with that of Simon et al. [3] , which included 106 sequenced Rhodobacteraceae genomes, 73 of which were in the roseobacter group. Thus, the core gene tree appeared to present an accurate phylogeny for this group.
The core gene tree resolved the paraphyly of the genera Leisingera and Phaeobacter observed in the 16S rRNA gene tree but did not resolve the inconsistencies between the phylogeny and the taxonomy in many of the other genera. Aestuariivita, Roseobacter, Ruegeria, Thalassobius and Tropicibacter all appeared to be polyphyletic. In addition, four major clades were present within the Loktanella genus. Lastly, a number of species currently classified in different genera were closely related in clades with high bootstrap support (Fig. 2) . Thus, the classifications of species within this group were not consistent with the phylogeny.
Identification of RpoC as a phylogenetic marker
Because the 16S rRNA gene sequences proved to be an unreliable phylogenetic marker within this group, it was unclear if the original data set contained all closely related organisms. In order to ensure that close relatives of the roseobacters had not been omitted, a more robust phylogenetic marker was identified. The ultrametric properties of the 65 curated core genes identified in the original data set were screened for genes that could be used to identify close relatives of this group. For that reason, their cophenetic correlation coefficients were calculated from similarity matrices, and 41 of these genes had cophenetic correlation coefficients greater than 0.9. In addition, three proteins, RpoC, an uncharacterized acyl-CoA synthetase and SucA also had high correlations of 0.94, 0.91 and 0.90, respectively, with the cophenetic distances of the curated core-gene tree. In fact, RpoC protein sequence similarity was more highly correlated with the maximum-likelihood tree than the 16S rRNA sequence percentage identity, ANI or POCP (Table S2) . RpoC sequence percent identity also had the highest correlation to cAAI of all other metrics in this study (r=0.93) (Fig. S4 , Table S3 ). Furthermore, other studies have proposed that the related RpoB protein be used in addition to 16S rRNA gene sequences when determining phylogenetic placement in the absence of whole genome data [23] [24] [25] . Therefore, RpoC was used to search the data bases for additional genome sequences of related organisms.
Analyses of the original roseobacter data set identified eight clades of potentially novel genera that lacked the type species of a described genus. The RpoC sequences of these organisms were used to search for genome sequences from related organisms. Included were the RpoC protein sequences from all the Loktanella species except Loktanella salsilacus, Loktanella atrilutea and Loktanella fryxellensis, which identified Pseudooctadecabacter jejudonensis, Roseobacter sp. CCS2 and the two Wenxinia species. RpoC sequences from Thalassobius abyssi, Thalassobius aestuarii and Thalassobius maritimus identified several members of the genus Shimia. RpoC sequences from Ruegeria mobilis, Ruegeria scottomollicae and Ruegeria sp. TM1040 identified Epibacterium ulvae. The RpoC sequence from Aestuariivita atlantica did not identify closely related genera that were not already present in the data set. From each of the five newly identified genera, all validly published species were added to data set, resulting in the addition of 12 species, and whole genome sequences were available for 11 of these (Table S1 ). These organisms were termed the 'expanded' data set of below 0.5 are not shown. Bar, number of substitutions per site. The tree is rooted on the genus 'Ketogulonicigenium' (omitted from tree) and includes all species included in the final analysis. Strain information and accession numbers can be found in Table S1 . 
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roseobacters. Unless specified differently, all analyses shown here were performed with this expanded data set.
Delimiting genera within the roseobacter group While the core genome phylogeny provided a good measure of the phylogenetic relationships within this group, reorganization of the taxonomy also required setting criteria for the amount of diversity allowed within genera. A genus boundary of 50 % POCP has been proposed [19] . However, over 80 % of the POCP values for the inter-generic comparisons were greater than 50 % (Figs 3a and S2), and this boundary would collapse nearly the entire roseobacter group into a single genus. Thus, this universal cut-off for prokaryotic genera of 50 % POCP cannot be applied to the roseobacter group. Similar studies have also concluded that the 50 % POCP boundary was too conservative for genus-level circumscription in the Bacillaceae, Burkholderiaceae and Neisseriaceae [26] [27] [28] . This implies that a universal cut-off of 50 % POCP is inappropriate for delimiting many bacterial genera.
In order to understand these discrepancies with Qin et al. [19] , their data set was examined more closely. When determining the genus boundary, they only included genera whose 16S rRNA gene sequences produced a monophyletic clade within a neighbour-joining tree [15] . Because of this restriction, only 17 genera were used to evaluate the POCP boundary. Importantly, the data set was biased towards the Lactobacillales, which made up the majority of the comparisons examined. In fact, 11 of the 12 orders/families investigated by Qin et al. had inter-genus comparisons above 50 % POCP, the only exception being the Thermo-anaerobacteraceae [19] . Thus, while POCP likely provides useful information about taxonomic relationships, a cut-off defined by a single value is unlikely to be a universal threshold for delimiting prokaryotic genera.
Previous studies have shown that, although AAI is a powerful tool for delimiting taxonomic ranks, prokaryotic taxa exhibit a continuum of AAI values, and discrete boundaries are difficult to define [29] . Instead, a gradient has been proposed to delimit genera [30] . This gradient is defined by two values: a minimum value below which species should be separated into different genera and a maximum value above which species should be combined into the same genus. Luo et al. [30] showed that AAI values between members of related but different genera typically vary between 60-80 % and do not exceed 85 %. While, the current study used cAAI instead of AAI, the values did not differ greatly. There was no difference in the cophenetic correlation coefficients for cAAI or AAI, and the values had a Pearson correlation coefficient of 0.98 to one another. Furthermore, the criteria proposed by Luo et al. [30] were consistent with the cAAI values of the recent taxonomic rearrangements proposed by Breider et al. [6] for the roseobacter genera Leisingera and Phaeobacter (Fig. 3a) . Thus, these recommendations were adopted for this study.
In support of this approach, the UPGMA trees based on cAAI were congruent in terms of both distance and topology with the maximum-likelihood tree based on whole-genome sequences (data not shown). Not only did cAAI have a high cophenetic correlation coefficient (r ccc =0.98) indicating that it was ultrametric, but it also was strongly correlated with the cophenetic distances calculated from the maximumlikelihood tree of the core genome (r=0.95, Table S2 ), supporting the conclusion that the cAAI tree was topologically similar to the maximum-likelihood tree. In contrast, the 16S rRNA gene sequence percent identity, ANI and POCP were not well correlated with the cophenetic distances calculated from the maximum likelihood tree of the core genome and were not suitable as the primary indicators of generic thresholds (Table S2) .
Thus, the delineation of genera considered the following factors. All proposed changes to the taxonomy had to remain congruent with the phylogeny determined from the core-gene tree. The POCP was correlated with the cAAI (r=0.82) and was considered an important measure of relatedness (Figs 3 and S4c) . However, the POCP varied bỹ 0.15 at cAAI values near 0.80. Thus, for species with cAAI values between 0.80 and 0.85, low POCP values were considered as evidence for classification in different genera. Furthermore, the phenotypic and chemotaxonomic characters of clades whose cAAI values were near the boundaries were examined in closer detail. In this regard, the fatty acid compositions and G+C content for the members of the roseobacter group were very similar, and the polar lipid profiles were often ambiguous due to differences in reporting and conflicting results reported by different authors. Because of this, these characters were not used in evaluating the taxonomy (data not shown). Finally, if a satisfactory answer was not clear after examining the cAAI, POCP and the phenotypic data, then priority was placed on preserving the current taxonomy.
Inter-genus comparisons with cAAI greater than 85 % Of the 2982 inter-genus comparisons in the current taxonomy, only 18 comparisons had cAAI values greater than 85 %, and only eight of those 18 comparisons had cAAI values greater than 86 % (Figs 3a and S2 ). All eight of these comparisons were confined to three clades on the tree: the Nautella/Phaeobacter clade; the Citreicella/Pelagibaca/Thiobacimonas clade; and the clade containing Roseobacter sp. CCS2 and several Loktanella species (Fig. 3a) . All three of these clades formed monophyletic units with high bootstrap support and had minimum POCP values greater than 0.68 (Fig. 2) . Based on this, we propose that Nautella italica be moved into the genus Phaeobacter and be renamed as Phaeobacter italicus. We also propose that Roseobacter sp. CCS2 be moved into the same genus as Loktanella litorea, Loktanella maricola and Loktanella rosea. Although the phylogenetic tree and cAAI indicated that Citreiclla thiooxidans, Pelagibaca bermudensis and Thiobacimonas profunda should be joined into a single genus, it was unclear whether or not this genus should also include Citreicella marina and Salipiger mucosus (Figs 2 and 4) . The minimum POCP value for the clade dropped from 0.68 to 0.57 when Salipiger mucosus was included but remained unchanged upon addition of Citreicella marina. However, none of these species are flagellated, and most can grow on >10 % NaCl, utilize sugars, and exhibit chemoorganoheterotrophic and chemolithoheterotrophic growth (Fig. 4d) . Therefore, we propose that Citreicella marina, Citreicella thiooxidans, Pelagibaca bermudensis and Thiobacimonas profunda be moved into the genus Salipiger as Salipiger marinus, Salipiger thiooxidans, Salipiger bermudensis and Salipiger profundus, respectively. Because this classification removes the type and only species from the genera Pelagibaca and Thiobacimonas, these genera are not used in this taxonomy. Similarly, while the type species of Citreicella is also reclassified, genome sequences are not available for all species. Reclassification of the remaining species is discussed below.
Intra-genus comparisons with cAAI less than 80 % Although 136 of the 258 intra-genus comparisons had cAAI values below 80 %, all of these comparisons belonged to six genera: Aestuariivita, Loktanella, Roseobacter, Ruegeria, Thalassobius and Tropicibacter (Fig. 3b) . With the exception of Loktanella, these genera were polyphyletic (Fig. 2) . For the genus Aestuariivita, on the basis of the low cAAI and POCP, we propose that Aestuariivita atlantica be reassigned to the novel genus Pseudaestuariivita with the type species Pseudaestuariivita atlantica.
In the case of Loktanella, there were two possible solutions (Fig. 4a) . In both solutions, the cAAI and phenotypic data supported moving all members out of Loktanella except for the clade containing the type species, Loktanella salsilacus (Fig. 4a) . In both solutions, Loktanella hongkongensis, Loktanella cinnabarina, Loktanella pyoseonensis and Loktanella soesokkakensis comprised a distinct phylogenetic clade, and we propose that these species be reclassified in the novel genus Limimaricola with Limimaricola hongkongensis as the type species. Similarly, we propose placing Loktanella marina in the novel genus Flavimaricola. For the remaining Loktanella species, they could either be grouped into a single novel genus or split into two novel genera. The minimum cAAI values for the individual clades were 0.80 and 0.82 but dropped to 0.78 when combined. Similarly, the minimum POCP values for these two clades were 0.69 and 0.60, but when combined dropped to 0.59. Moreover, nitrate reduction and gelatinase activity were present in one clade but absent in the other (Fig. 4a) . After examining the core-gene phylogeny, cAAI, POCP and phenotypic data, we propose that Loktanella vestfoldensis, Loktanella litorea, Loktanella maricola, Loktanella maritima, Loktanella rosea, Loktanella sediminilitoris, Loktanella tamlensis and Roseobacter sp. CCS2 be moved into the novel genus Yoonia with Yoonia vestfoldensis as the type species (Fig. 4a: solution 1) . In addition, we propose that Loktanella koreensis and Loktanella sediminum be moved into the novel genus Cognatiyoonia with the former as the type species.
The cAAI was ambiguous about moving Ruegeria pomeroyi and Ruegeria marina into a novel genus. When excluded, the minimum cAAI and POCP values of the Ruegeria clade were 0.88 and 0.69, respectively. However, these values only dropped to 0.83 and 0.63, respectively, when Ruegeria pomeroyi and Ruegeria marina were included ( Fig. 4b: solution  2) . Furthermore, these organisms do not exhibit enough phenotypic diversity to justify removing them from the clade (Fig. 4b) . In order to remain conservative to the current taxonomic classification, Ruegeria pomeroyi and Ruegeria marina were not reclassified at this time.
In contrast, the core-gene phylogeny (Fig. 2) indicated that Ruegeria mobilis, Ruegeria scottomollicae, and Ruegeria sp. TM1040 should be reclassified. The minimum cAAI and POCP values for the genus were 0.79 and 0.57, respectively, when these organisms were included in Ruegeria. The phenotypic data also supported this reclassification. Specifically, the presence of polar flagella was conserved in this group but was absent in all Ruegeria except for Ruegeria pomeroyi (Fig. 4b) . However, the cAAI and POCP were ambiguous as to whether these organisms should form a novel genus or join the existing genus Epibacterium (Fig. 4b) . Because all four species possessed polar flagellation and were isolated from similar environments, we propose that Ruegeria mobilis, Ruegeria scottomollicae and Ruegeria sp. TM1040 should be moved into the genus Epibacterium [31] [32] [33] [34] [35] .
The core-gene phylogeny, cAAI and POCP data indicated that Tropicibacter litoreus and Tropicibacter multivorans should be moved out of the genus Tropicibacter, but their placement was ambiguous. When Tropicibacter litoreus was included within the Ruegeria, the minimum cAAI and POCP of the genus remained unchanged (Fig. 4b: solution  3) . Phenotypically, in particular its lack of flagellation, it was similar to the other members of the Ruegeria genus (Fig. 4b) . Likewise, the core-gene phylogeny (Fig. 2) , cAAI and POCP data indicated that Tropicibacter multivorans was more closely related to Ruegeria mobilis, Ruegeria scottomollicae, Ruegeria sp. TM1040 and Epibacterium ulvae than other Ruegeria. The presence of polar flagella in Tropicibacter multivorans further supported this relationship (Fig. 4b) . Thus, we propose that Tropicibacter litoreus be moved into the genus Ruegeria as Ruegeria litorea, and Tropicibacter multivorans be moved into the genus Epibacterium as Epibacterium multivorans.
Currently, two clades that were well supported by high bootstrap values are classified within the genus Thalassobius (Fig. 2) . The low cAAI and POCP values between these two clades indicated that Thalassobius aestuarii, Thalassobius abyssi and Thalassobius maritimus should be removed from the genus. However, it was not clear if these organisms should be moved into a novel genus or into the existing genus Shimia. The core-gene phylogeny (Fig. 2) , cAAI and POCP data indicated that Thalassobius abyssi and Thalassobius aestuarii were closely related to Shimia. Phenotypically, these organisms were also very similar, especially in their inability to grow in >7 % NaCl and ability to reduce nitrate to nitrite (Fig. 4c) . Although Thalassobius maritimus was phenotypically similar to Thalassobius abyssi, Thalassobius aestuarii and the Shimia species (Fig. 4c) , its cAAI was below 0.80 when compared to these species (Fig. 4c) . Thus, we propose that Thalassobius abyssi and Thalassobius aestuarii be moved into the genus Shimia and that Thalassobius maritimus be placed into the novel genus Cognatishimia with Cognatishimia maritima as the type species.
Placement of organisms without whole-genome sequences For the genera that were included in this study, a number of species were omitted from the analyses due to the lack of publicly available genome sequences (Table S1 ). Species within genera whose taxonomic assignments remained unchanged were not investigated further. However, several species were within genera where the taxonomy was changed, including two species from Citreicella, four species from Loktanella, one species from Shimia, two species from Thalassobius and one species from Tropicibacter. In order to determine the placement of these species, the maximumlikelihood tree of 16S rRNA gene sequences was compared to the phenotypic data (Figs 1 and S3) . While the 16S rRNA gene sequence similarity was a poor phylogenetic marker for this group (Table 1, Fig. S4a ), very high 16S rRNA gene sequence similarity was a strong predictor of a cAAI>0.80. For instance, the cAAI was !0.80 for 11 out of 12 comparisons with 16S rRNA sequence similarities !97 %. However, if the 16S rRNA sequence similarity was 95-97 %, only 55 out of 108 cAAI values were !0.80.
Because Citreicella thiooxidans and Citreicella marina were moved into Salipiger, the placement of the remaining two species, Citreicella aestuarii and Citreicella manganoxidans, was unclear. The 16S rRNA gene tree placed both of these species into the same clade as C. thiooxidans and C. marina (Fig. 1) , and their phenotypes were similar to that of the other Citreicella and Salipiger species (Fig. S3d) . Although whole genome analyses were not performed on C. aestuarii, its RpoC protein sequence was available (Table S1) . A maximum-likelihood tree based on the RpoC protein sequences clustered C. aestuarii with the other proposed members of Salipiger and provided strong evidence that it should be placed in this genus (Fig. S5) . The 16S rRNA gene sequence similarity of C. manganoxidans with other proposed members of Salipiger was <97 % and did not provide strong support for either the inclusion or exclusion from this genus. To maintain the relationship within these species when other evidence was ambiguous or lacking, we propose that C. aestuarii and C. manganoxidans be moved into the genus Salipiger. Because Citreicella thiooxidans is the type species of the genus, the genus Citreicella is not used in the proposed taxonomy.
The genus Loktanella was divided into five different genera, and the placement of the four species without whole genome sequences was unclear. The 16S rRNA tree indicated that Loktanella aestuariicola and Loktanella variabilis were closely related to the members of the proposed genus Limimaricola (Fig. 1) , and they each possessed >97 % sequence similarity to at least one member of that genus. Moreover, their phenotypes were significantly different from that of the remaining members of the genus Loktanella (Fig. S3a) . Thus, we propose that L. aestuariicola and L. variabilis be moved into the genus Limimaricola. The 16S rRNA gene tree indicated that Loktanella agnita might be related to either the proposed genera Yoonia (L. vestfoldensis) or Flavimaricola (L. marina), although the sequence similarities were <97 % to any member of those groups. Although the phenotype of L. agnita was similar to that of L. marina (Fig. S3a) , the reclassification of L. agnita into Flavimaricola is not proposed because of the ambiguity the 16S rRNA gene tree. Similarly, Loktanella ponticola 16S rRNA gene sequence was similar to that of the proposed genus Cognatiyoonia (L. koreensis), but the phenotype did not justify its reclassification. Thus, in order to remain conservative with the current taxonomy, we do not propose any taxonomic reassignments for L. agnita or L. ponticola at this time. When the genome sequences for these organisms become available, reclassification may be justified.
The genus Thalassobius was divided into three genera, and the placement of Thalassobius aquaeponti and Thalassobius litorarius was unclear. The 16S rRNA gene tree indicated that T. aquaeponti was closely related to Thalassobius aestuarii, with which it shared >97 % sequence similarity (Fig. 1) . The phenotypic data, especially the inability to grow on >7 % NaCl and the ability to reduce nitrate to nitrite, supported this conclusion (Fig. S3c) . Thus, we propose that T. aquaeponti be moved into the genus Shimia along with T. aestuarii. The 16S rRNA gene tree did not place Thalassobius litorarius near any of the Thalassobius or Shimia species (Fig. 1) , and its phenotypic data did not provide compelling evidence to remove it from Thalassobius (Fig. S3c) . Thus, in order to remain conservative with the current taxonomy, we do not propose reclassification of T. litorarius at this time. However, reclassification may be justified when whole genome sequences become available.
We proposed the reclassification of two species of the genus Tropicibacter into the genera Ruegeria and Epibacterium, but a whole-genome sequence was not available for Tropicibacter mediterraneus. However, this species possessed >97 % 16S rRNA sequence similarity to Tropicibacter litoreus, which we proposed to be reclassified with Ruegeria. The phenotypic data, in particular the presence of peritrichous flagellation (Fig. S3b) , further supports this reclassification. Thus, we propose that T. mediterraneus be moved into the genus Ruegeria as Ruegeria mediterranea.
Applying this method to other prokaryotic genera The methods used to delimit genera in the roseobacter group were relatively simple, mostly automated, and easy to reproduce without extensive experience in bioinformatics. Because 16S rRNA gene sequences have been used to assign many prokaryotes to their respective genus, many existing genera may need to be reevaluated. In an effort to assist other researchers attempting to employ the workflow used in this paper, we have added a flow chart detailing the algorithms (Fig. S6) .
DESCRIPTION OF COGNATISHIMIA GEN. NOV.
Cognatishimia (Cog.na.ti.shi¢mi.a. L. masc. adj. cognatus relative, related, kindred; N.L. fem. n. Shimia a bacteria generic name; N.L. fem. n. Cognatishimia related to Shimia).
Cells are Gram-stain-negative, strictly aerobic rods. Motile by means of polar flagella. Catalase-and oxidase-positive. Reduces nitrate to nitrite. Moderately halophilic but NaCl is not required for growth. The predominant ubiquinone is Q-10. The major fatty acid (>10 % of the total fatty acids) is C 18 : 1 !7c. The major polar lipids are phosphatidylcholine, phosphatidylethanolamine and phosphatidylglycerol. The DNA G+C content is 57 mol%. A member of the family Rhodobacteraceae, class Alphaproteobacteria according to 16S rRNA gene sequence analysis and phylogenomics. The type species (and sole species) for the genus is Cognatishimia maritima.
DESCRIPTION OF COGNATISHIMIA MARITIMA COMB. NOV.
Cognatishimia maritima (ma.ri¢ti.ma. L. fem. adj. maritima of the sea, referring to the marine environment).
Basonym: Thalassobius maritimus Park et al. 2012
The description is the same as for T. maritimus [36] . Phylogenetic analysis of the core genome provided strong evidence for placement of this species in the novel genus Cognatishimia. The type strain is GSW-M6 T (DSM 28223  T ,  KCTC 23347 T , CCUG 60021 T ).
DESCRIPTION OF COGNATIYOONIA GEN. NOV.
Cognatiyoonia (Cog.na.ti.yoo¢ni.a. L. masc. adj. cognatus relative, related, kindred; N.L. fem. n. Yoonia, a bacteria generic name; N.L. fem. n. Cognatiyoonia relative of Yoonia).
Cells are Gram-stain-negative, aerobic, rod-to oval-shaped and non-motile. Moderately halophilic. Nitrate reduction is positive. The predominant ubiquinone is Q-10. The major fatty acid (>10 % of total fatty acids) is The description is the same as for L. koreensis [37] . Phylogenetic analysis of the core genome provided strong evidence for placement of this species in the novel genus Cognatiyoonia. The type strain is GA2-M3 T (DSM 17925  T , CIP  109899 T , KACC 11519 T ).
DESCRIPTION OF COGNATIYOONIA SEDIMINUM COMB. NOV.
Cognatiyoonia sediminum (se.di¢mi.num. L. gen. pl. n. sediminum of sediments, pertaining to source of isolation).
The description is the same as for L. sediminum [38] . Phylogenetic analysis of the core genome provided strong evidence for the placement of this species in the novel genus Cognatiyoonia. The type strain is S3B03 T (DSM 28715 T , JCM 30120 T , MCCC 1K00257 T ).
EMENDED DESCRIPTION OF THE GENUS EPIBACTERIUM PENESYAN ET AL. 2013
The description is the same as given by Penesyan et al. [31] with the following amendments. Most species are strict aerobes, but some species are capable of facultative anaerobic growth. Most species require sodium ions for growth, but some species can grow in the absence of sodium ions. The description is the same as for R. mobilis [34] emend. [35] . Phylogenetic analysis of the core genome provided strong evidence for the placement of this species in the genus Epibacterium. The description is the same as for T. multivorans [39] . Phylogenetic analysis of the core genome provided strong evidence for the placement of this species in the genus Epibacterium. The description is the same as for R. scottomollicae [35] . Phylogenetic analysis of the core genome provided strong evidence for the placement of this species in the genus Epibacterium. The description is the same as for L. aestuariicola [42] . Phylogenetic analysis of 16S rRNA gene sequences provided strong evidence for the placement of this species in the novel genus Limimaricola. The description is the same as for L. soesokkakensis [45] . Phylogenetic analysis of the core genome provided strong evidence for the placement of this species in the novel genus Limimaricola. The description is the same as for T. litoreus [54] . Phylogenetic analysis of the core genome provided strong evidence for the placement of this species in the genus Ruegeria. 
EMENDED DESCRIPTION OF THE GENUS SALIPIGER MARTINEZ-C ANOVAS ET AL. 2004
The description is as given by Martinez-C anovas et al. [55] with The description is the same as for P. bermudensis [57] . Phylogenetic analysis of the core genome provided strong evidence for the placement of this species in the genus Salipiger. The description is the same as for C. manganoxidans [58] . The description is the same as for C. marina [59] . Phylogenetic analysis of the core genome provided strong evidence for the placement of this species in the genus Salipiger. The description is the same as for T. profunda [60] . Phylogenetic analysis of the core genome provided strong evidence for the placement of this species in the genus Salipiger. The type strain is JLT2016 T (LMG 27365 T , CGMCC 1.12377 T ). The description is the same as for C. thiooxidans [61] . Phylogenetic analysis of the core genome provided strong evidence for the placement of this species in the genus Salipiger. The type strain is CHLG 1 T (DSM 10146 T , UNI-QEM U 228 T ).
DESCRIPTION OF SALIPIGER THIOOXIDANS
EMENDED DESCRIPTION OF THE GENUS SHIMIA CHOI AND CHO 2006 EMEND. HAMEED ET AL. 2013
The description is as given by Choi and Cho [62] and Hameed et al. [63] with the following amendment. The DNA G+C content is 53.8-61.2 mol%. The type species for the genus is Shimia marina.
DESCRIPTION OF SHIMIA ABYSSI COMB. NOV.
Shimia abyssi (a.bys¢si. L. gen. n. abyssi from the abyss).
Basonym: Thalassobius abyssi Nogi et al. 2016.
The description is the same as for T. abyssi [64] . Phylogenetic analysis of the core genome provided strong
